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Membrane characteristics regulating potassium transport out
of the isolated perfused descending limb of Henle. Previous micro-
puncture studies have noted that the potassium concentration
in the descending limb of Henle (DLH) is significantly higher
than in the plasma. The mechanisms by which this occurs is not
clear. The present studies were designed to examine this issue by
elucidating the characteristics of potassium transport across the
isolated perfused rabbit descending limb of Henle. Three differ-
ent types of measurements were made: 1) simultaneous isotopic
permeability coefficients for 42K (BK) and 22Na (KNa) were
determined under conditions of zero net fluid transport; 2) the
collected-to-perfused potassium concentration ratio was meas-
ured when tubules were perfused with isosmolal ultrafiltrate of
same rabbit serum as bath; and 3) the fractional rise in potassium
concentration was compared to fractional movement of water
secondary to induced osmotic forces. The results indicate that
P1( and DNa' expressed per unit length of tubule, were 2.43
0.43 x lO— cm2 sec1 and 1.86 0.34 x l0— cm2 sec1, respec-
tively. These values indicate that potassium is almost as imper-
meant as sodium across the DLH and is consistent with the
previous observations which suggested that the isolated rabbit
DLH is relatively impermeant to solutes. The chemical concen-
tration of potassium was measured in two sets of studies. In the
first, the collected-to-perfused (C/P) potassium concentration
ratio did not rise above the (C/P) volume marker ratio when
tubules were perfused with isosmolal ultrafiltrate. However, in
the second set of studies a significant rise was noted in the (C/P)
potassium concentration ratio when DLH was perfused with
302 mOsm/liter ultrafiltrate in hyperosmolar bath made up by
addition of 298 mOsm NaC1 to rabbit serum (final osmolality
of bath was 600 mOsm/liter). Under these circumstances the
(C/P) potassium ratio was 1.53 0.07 while (C/P) volume marker
ratio was 1.62± 0.09. It is concluded that the combination of
DLH permeation characteristics are such that potassium con-
centrations within the DLH are raised to high values by sieving
processes secondary to osmotic abstraction of water as the fluid
within the DLH courses through progressively more hyper-
osmolar surroundings.
Caracteristiques de membrane régulant le transport de potas-
sium hors de Ia branche descendante de l'anse de Henle isolée et
perfusée. Des travaux antérieurs utilisant les techniques de
microponctions ont montré que Ia concentration du potassium
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dans Ia branche descendante de l'anse de Henle (DHL) est
significativement supérieure a celle du plasma. Le mécanisme
par lequel cela survient n'est pas clair. Ce travail a etC concu
pour envisager cc problCme en élucidant les caractCristiques du
transport de potassium a travers Ia branche descendante de
l'anse de Henle de lapin isolCe et perfusCe. Trois categories de
mesures ont etC fakes: 1) les coefficients de perméabilite pour
les isotopes 42K (BK) et 22Na (DNa) ont etC dCterminCs dans des
conditions de flux net nul d'eau; 2) Ic rapport de concentration
du potassium collection/perfusat a etC déterminé alors que les
tubules étaient perfusés avec un ultrafiltrat iso-osmotique du
mCme serum de lapin que celui utilisC dans Ic bain; 3) l'augmen-
tation fractionelle de Ia concentration du potassium a Cté com-
parée aux mouvements d'eau consécutifs aux forces osmotiques
imposées. Les rCsultats de ces experiences sont indiquCs ci-des-
sous. K et 'Na' exprimCs par unite de longueur de tubule, sont
respectivement de 2,43 0,43 i0 cm2 sec' et 1,86
0,34 l0— cm2 sec1. Ces valeurs indiquent que Ic potassium
est presque aussi imperméant que Ic sodium a travers Ia DHL,
ce qui est en accord avec les observations antCrieures qui sug-
gCraient que Ia DHL isolée de lapin est relativement imper-
méable aux substances dissoutes. La concentration chimique du
potassium a été mesurCe dans deux series d'Ctudes. Dans Ia
premiere, Ic rapport de concentration du potassium collection!
perfusion (C/P) n'a pas dCpassC Ic mCme rapport pour l'indica-
teur de volume alors que les tubules étaient perfusés avec un
ultrafiltrat iso osmotique. Dans Ia deuxiéme, cependant, une
augmentation significative de (C/P) du potassium a etC obtenue
alors que Ia DilL était perfusée avec un ultrafiltrat a 302 mOsm/kg
dans un bain rendu hyperosmolaire pas l'addition de NaCI,
298 mOsm/kg, a du serum de lapin (l'osmolalité finale du bain
Ctait de 600 mOsm/litre). Dans ces conditions Ic (C/P) du potas-
sium etait de 1,53±0,07 alors que Ic (C/P) du marqueur de
volume était de 1,62 0,09. Il est conclu que Ia combinaison
des caracteristiques de permeation de Ia DHL est telle que les
concentrations de potassium a I'intCrieur de Ia DHL sont rendues
élevées par un processus de filtration, secondaire a Ia soustrac-
tion osmotique d'eau, au fur et a mesure que le liquide, dans Ia
DHL, parcourt un milieu environnant d'hyperosmolaritC crois-
sante.
A number of previous micropuncture experiments have
demonstrated that the intraluminal fluid from the papillary
bend of the loop of Henle has a significantly higher potas-
sium concentration than plasma [1—6]. There are two basic
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mechanisms by which this can be achieved. First, the, potas-
sium may rise to higher levels due to inward secretion, or
second, the potassium entering the descending limb of
Henle (DLH) may be raised to high concentrations by
water abstraction without additional entry of solute. There
are no previous direct studies which have evaluated those
membrane characteristics which govern potassium trans-
port across the epithelium of the DLH. Therefore, these
studies were designed to obtain experimental data to
answer this question by 1) measuring the simultaneous
permeability coefficient for 22Na and 42K across the DLH,
and 2) comparing the fractional increase in the volume
marker concentration to increases in potassium concentra-
tion ratios when these segments were perfused against
steep osmotic gradients.
Methods
Isolated segments of thin DLH obtained from 1.5 to
2.5 kg female New Zealand rabbits were perfused by
techniques similar to those previously described in detail [7].
For positive identification, the thin DLH was dissected
free with its intact pars recta. The pars recta was then cut
off leaving only about 100 ji attached to the DLH. After
this the tubules were transferred to the perfusion chamber
which was kept at 37°C and at pH 7.4 by continuous
bubbling with 5% 02—95% CO2. Tubule was then mounted
at both ends in glass pipettes which were previously coated
with Sylgard 184 (Dow Corning Corp., Midland, Michigan)
to obtain good electrical seals [7]. Transtubular potential
difference (PD) was measured in these studies utilizing
calomel half-cells (Beckman Instruments, Inc., Fullerton,
California) in contrast to the Ag-AgCl electrodes previously
utilized [7]. The use of calomel electrodes was much more
satisfactory than Ag-AgC1 in view of a more stable PD
and less baseline voltage drift. The circuit and bridges were
otherwise identical to the ones in which the PD of the
proximal tubule was measured [8].
Either 1251-iothalamate (GIofil-125, Abbott Laboratories,
North Chicago, Illinois) or 1251-polyvinylpyrolidone (Amer-
sham, Searle Corp., Arlington Heights, Illinois), which
were used as the volume markers, were added in trace
amounts to perfusion fluids in all studies. These volume
markers were found to be completely impermeant across
the DLH. Perfusion rate (V1) was calculated from the rate
at which 125j was collected; total cpm in the collected
fluid was divided by 125j cpm/nl in the perfusion fluid and
by the time of the collection period. The collection rate (V0)
was measured directly by a calibrated constant bore col-
lection pipette. Net fluid transport was calculated as the
difference in V and V0. The length of the tubule was meas-
ured directly by micrometer eye piece.
Simultaneous passive permeability coefficients for 22Na
and 42K (both from New England Nuclear Corp., Boston,
Mass.) were estimated from the disappearance rate of the
respective isotopes added to the perfusate. In these experi-
ments the perfusate was isosmolal ultrafiltrate of the same
rabbit serum as used for the bath. Passive permeability
coefficient was estimated according to the following equa-
tion [9]:
K ln
where L = length of tubule, V1 =perfusion rate, V0 = col-
lection rate, C' = cpm/nl of 42K or 22Na in perfusion fluid,
and C cpm/nl of 42K or 22Na in the collected fluid.
The mechanism by which the intraluminal potassium
concentrations is raised in the DLH was examined by
measuring the ratio of increase in chemical potassium con-
centration and comparing this to the ratio of increase in
volume marker when an osmotic gradient was imposed
across the tubular epithelium. In these experiments the
perfusate was isosmolal ultrafiltrate of the same rabbit
serum as used for the bath during control experiments. Net
movement of fluid was then induced by addition of
298 mOsm/liter NaCI to the bath. In this set of experi-
ments, short segments of DLH, 0.5 and fast per-
fusion rates, 18.5 3.6 nI/mm, were used to prevent com-
plete osmotic equilibration. All results are expressed as
means (±SEM) of each tubule which consists of 3 to 4 ten-
minute collection periods.
Results
In those control studies in which the perfusate was an
isosmolal ultrafiltrate of the same rabbit serum as used
for bath, the mean transtubular PD was —0.1 0.1 (N= 13).
These results are similar to ones previously published [7].
The permeability coefficients for 22Na and 42K were
determined under conditions of zero net transport of fluid
using ultrafiltrate as the perfusate (Table 1). The calculated
PJ( of 2.43 0.43 x l0 cm2 sec' indicates that potassium
is somewhat more permeant (P <0.02 by paired t test)
than sodium as evidenced by the simultaneously deter-
mined 'Na of 1.86±0.34x 107 cm2 sec1 (Table 1). If
these results are expressed per unit area instead of unit
length, then the respective permeability coefficients are
2.49 and 1.94 x 1O cm sec1.
In order to determine the mechanism for the high intra-
luminal potassium concentrations observed at the tip of
Henle's loop in vivo, thin DLH were perfused with serum
ultrafiltrate, 302 mosm/kg, against two types of baths.
During the control periods, the bath was isosmolal rabbit
serum, while during the experimental periods, the bath
osmolality was increased to 600 mosm/kg by the addition
of NaCl to regular rabbit serum. The results of six such
experiments are given in Table 2. In the control series of
studies there was a slight but significant increase in both
the volume marker ratio, 1.04 0.02, and the C/P potas-
sium concentration ratio, 1.05 0.01. Thus, there was no
(1)
328 Rocha I Kokko
Table 1. Simultaneous measurement of passive permeability coefficients for potassium (1'K) and sodium (DNa)
in the descending limb of Henle
Expt. Length
mm
Area
x 1O cm2
V1
ni mint
C
ni mint mmt
1K
io— cm2 sec1
"Na
iO cm2 sec2
1
2
3
4
5
6
7
1.20
1.50
0.90
1.60
1.90
1.00
1.28
11.13
15.20
7.11
11.96
19.53
9.60
11.83
8.56
8.04
8.69
10.34
8.86
8.38
10.76
—0.22
—0.04
—0.11
+0.22
+0.46
—1.33
+0.04
1.09
0.55
3.54
2.33
3.03
3.89
2.55
0.93
0.31
3.78
1.76
2.37
2.97
1.91
Mean 1.34 12.34 9.08 —0.14 2.43 1.86
SCM 0.36 0.20 0.43 0.34
Abbreviations: V1 = perfusion rate; C = absolute net movement of fluid.
Expts. (C/P)pvp K K (C/P)K (C/PK/
(CIP)pvp
A Control
Experimental
1.09
1.92
5.23
8.36
4.83
4.83
1.08
1.73
0.99
0.90
B Control
Experimental
0.97
1.97
5.63
9.43
5.21
5.21
1.08
1.81
1.11
0.92
C Control
Experimental
1.07
1.48
5.43
7.54
5.21
5.21
1.04
1.45
0.97
0.98
D Control
Experimental
1.08
1.51
5.57
7.62
5.11
5.11
1.09
1.49
1.01
0.99
E Control
Experimental
0.97
1.38
5.22
6.84
5.13
5.13
1.02
1.33
1.05
0.96
F Control
Experimental
1.06
1.46
5.22
7.00
5.13
5.13
1.02
1.36
0.96
0.93
Mean Control
SCM
1.04
0.02
5.38
0.07
5.10
0.05
1.05
0.01
1.01
0.02
Mean Experimental
SEM
1.62
0.09
7.79
0.36
5.10
0.05
1.53
0.07
0.95
0.01
a Control experiments were conducted at mean perfusion rate
of 15.2 nI/mm using ultrafiltrate (302 mOsm/liter) as the per-
fusate against a bath of regular rabbit serum with an osmolality
of 303 mOsm/liter. Experimental periods were obtained using
the same perfusate at a mean perfusion rate of 18.5 nI/mm but
the bath osmolality was raised to 600 mOsm/liter by addition
of NaCI. Abbreviation: (C/P) = collected-to-perfused
volume marker concentration ratio; K and =potassium
concentration in the collected and perfused fluids, respectively;
(C/P)K = the collected-to-perfused potassium concentration
ratio.
net secretion or reabsorption of potassium during the
control periods. The source of this increase in the respective
C/P ratios is not apparent but it may reflect minimal eva-
poration of bath during the ten-minute collection periods,
although at the beginning of the experiments the perfusate
and serum osmolalities were measured to be 302 and
303 mOsm/liter, respectively. However, a much more signi-
ficant rise was noted in the potassium concentration when
a 298 mOsm/kg concentration gradient was imposed
across the DLH by the addition of NaCI to the bath.
Under these circumstances the perfusate potassium con-
centration rose from 5.10 0.05 to 7.79 0.36 mEq/liter,
reflecting a significant increase over the bath potassium
concentration which was the same as the perfusate.
Discussion
Numerous investigators have previously reported that
the tubular-fluid-to-plasma-inulin concentrations are higher
at the papillary bend of the loop of Henle than can be
reasonably expected to exist at the end of the proximal
tubule [2—6, 10, 11]. These findings clearly indicate some
degree of water abstraction from the DLH secondary to
osmotic forces. In addition, studies in rat [1, 2, 6], ham-
ster [4] and Psammomys [3, 5] have found that the DLH
potassium concentration is approximately four times as
great as that of plasma. The conclusion that potassium
concentration rises due to either water abstraction or
potassium secretion cannot be made from these studies
since in the same tubule simultaneous changes in volume
marker and potassium concentrations were not measured
[1—3, 5, 6], or these changes were very small [4].
In our earlier studies we reported that the isolated per-
fused DLH of rabbit had a high osmotic permeability to
water [7] and low permeability to sodium [7] and urea [12],
thus suggesting that concentration of fluid within the
DLH occurs primarily by water abstraction without net
entry of solute [12]. The current studies extended these
observations by examining similar issues with respect to
potassium transport in the DLH. In these studies it was
first determined that the transtubular PD was zero and
that there was no net secretion of potassium when DLH
were perfused with isosmolal ultrafiltrate of the same rabbit
serum as the bath (Table 2). Since there is little evidence to
Table 2. The relationship between increase in potassium con-
centration of the collected fluid to increase in volume marker
when the bath is made hyperosmolar by addition of 298 mOsm
of NaCla
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Fig. 1. Correlation between fractional increase in potassium con-
centration (vertical axis) to fractional increase in volume marker
(horizontal axis) in the DLH under conditions of induced net
fluid efflux secondary to imposed osmotic gradient. See Table 2
for data.
support potassium secretion into the DLH, it was of
interest to see whether the potassium was impermeant
enough to be sieved significantly when DLH fluid is under-
going osmotic equilibration (via abstraction of water) in its
course from the corticomedullary junction towards the
papillary tip. Indeed, it was found that potassium is almost
as impermeant across the DLH as is sodium (Table 1).
To examine more directly the mechanism by which
potassium concentration rises in the DLH, these segments
were perfused against a 298 mOsm NaCI concentration
gradient (Table 1). We have previously shown [7] that NaCI
has a high reflection coefficient, 0.96, indicating that NaCI
can efficiently abstract water out of the DLH. The results
found in Table 2 are plotted in Fig. 1. The C/P concentra-
tion of potassium is plotted on the vertical axis and the
C/P volume marker is plotted on the horizontal axis. A
slope of 1.0 would indicate that the potassium concentra-
tion was raised to the same degree as the volume marker
ratio and also would indicate that the DLH was sufficiently
impermeant to maintain this concentration ratio, A regres-
sion line drawn through the experimental points has a
slope of 0.795 with a correlation coefficient of 0.984
indicating that potassium is concentrated to 80% of the
predicted value by abstraction of water.
The results of the current studies would not support the
conclusions of the Rouffignac and Morel [3] who have
postulated that potassium is secreted into DLH on the
basis of indirect estimates of (TF/P) inulin concentrations
at the junction of the DLH and the end proximal tubule.
They concluded from their studies in Psammomys that the
high potassium concentrations in the DLH were principally
a consequence of potassium secretion representing the re-
cycling of potassium from the thin ascending to the thin
descending limb of Henle [3]. This postulate would require
that the DLH must be relatively permeable to potassium.
The difficulty in obtaining an unequivocal interpretation
of their data is that de Rouffignac and Morel [3] did not
measure the (TF/P)K and (TF/P) inulin concentrations in
single tubules at two different levels. In contrast, Marsh [4]
did puncture the DLH of hamsters at the bend and at a
more proximal point. He did not find an increase in the
potassium ratios as compared to the volume marker
ratios [4]. Thus, our results are more consistent with the
results obtained with the hamsters [4] than the conclusions
based on the results with the Psammomys [3]. The source
of the discrepancies just mentioned is not clear. They may
represent species variation or some unidentified technical
differences.
If the current in vitro experiments are representative of
in vivo conditions, we would conclude that the DLH of
rabbit is nearly as impermeable to potassium as it is to
urea and sodium. These findings, together with the earlier
demonstration of high osmotic water permeability, would
suggest that the principal mechanism by which potassium
concentration is raised to high values is sieving in associa-
tion to water abstraction.
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